rimary autonomic failure provides a unique human model to study the development of hypertension in the setting of chronic autonomic impairment. This is a neurodegenerative disorder characterized by cellular lesions rich in the protein α-synuclein in central or peripheral autonomic pathways. 1 The clinical picture of autonomic failure is dominated by orthostatic hypotension and absence of baroreflex buffering. At least half of these patients also have supine hypertension, which can be severe and increases risk for cardiovascular end-organ damage.
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rimary autonomic failure provides a unique human model to study the development of hypertension in the setting of chronic autonomic impairment. This is a neurodegenerative disorder characterized by cellular lesions rich in the protein α-synuclein in central or peripheral autonomic pathways. 1 The clinical picture of autonomic failure is dominated by orthostatic hypotension and absence of baroreflex buffering. At least half of these patients also have supine hypertension, which can be severe and increases risk for cardiovascular end-organ damage. 2, 3 Supine hypertension limits the use of pressor agents and increases nocturnal pressure natriuresis to drive volume depletion and subsequent worsening of morning orthostatic tolerance in these patients. 2 Thus, there is an emerging need to identify molecular mechanisms and optimal treatment strategies for hypertension in autonomic failure.
Renin-angiotensin system mechanisms were not initially thought to contribute to hypertension in autonomic failure. Plasma renin activity is often undetectable in autonomic failure and is unresponsive to postural or pharmacological stimuli. [4] [5] [6] Plasma aldosterone levels, however, are normal in these patients. 5 In addition, we showed that plasma angiotensin (Ang) II levels are elevated in autonomic failure and that a single dose of the angiotensin type 1 (AT 1 ) receptor antagonist losartan effectively lowered overnight blood pressure in these patients. 7 These findings suggest that downstream renin-angiotensin system pathways are intact in autonomic failure, despite suppressed renin. Ang II and aldosterone also bind mineralocorticoid receptors (MRs) to promote hypertension through both genomic and more rapid nongenomic actions. [8] [9] [10] In this study, we used a pharmacological approach to determine whether inappropriate MR activation contributes to supine hypertension in autonomic failure. We hypothesized that acute administration of the MR antagonist eplerenone would lower overnight blood pressure in these patients. To determine the therapeutic potential for management of hypertension in autonomic failure, we also measured eplerenone effects on nocturnal natriuresis and morning orthostatic tolerance.
Study Participants
We studied 10 patients diagnosed with severe primary autonomic failure (7 pure autonomic failure, 2 multiple system atrophy, 1 Parkinson's disease) by American Autonomic Society consensus criteria. 11 All patients had neurogenic orthostatic hypotension and comorbid supine hypertension defined as systolic blood pressure (SBP) ≥150 mm Hg or diastolic blood pressure ≥90 mm Hg. 2 Patients with secondary causes of autonomic failure (eg, diabetes mellitus, amyloidosis, autoimmune ganglionopathy) or renal failure were excluded.
General Protocol
Patients were studied at the Vanderbilt Clinical Research Center on an inpatient basis. Medications affecting the autonomic nervous system, blood pressure, or volume were withheld at least 5 half-lives before admission (eg, fludrocortisone, midodrine, anti-hypertensives). All other medications were held constant during admission. Patients received a low monoamine, methylxanthine-free, fixed 150 mEq sodium and 60 to 80 mEq potassium diet. Screening consisted of a comprehensive physical examination and medical history, 12-lead ECG, and routine safety laboratory tests (eg, complete blood count, comprehensive metabolic panel, urinalysis). All patients had an overnight screening study to examine for supine hypertension, which consisted of arm cuff blood pressure measurement (Dinamap ProCare, GE Healthcare) in duplicate at 2-hour intervals from 8:00 pm to 8:00 am.
Autonomic Function Testing
Standardized autonomic function testing was performed in all patients and included orthostatic stress, sinus arrhythmia, Valsalva maneuver, hyperventilation, isometric handgrip, and cold pressor tests. 12 Blood pressure was measured intermittently using an automated oscillometric sphygmomanometer (Dinamap) and continuously using finger photoplethysmography (Nexfin, BMEYE). Heart rate (HR) was measured by continuous ECG. For orthostatic stress testing, supine blood pressure and HR were measured at 8:00 am, after an overnight rest. Patients were then asked to stand for 10 minutes, with vitals measured at 1, 3, 5, and 10 minutes standing (or as long as tolerated). Fasting blood samples were collected at the end of the supine and standing periods via an intravenous catheter placed at least 30 minutes before testing. Plasma norepinephrine was measured by high-performance liquid chromatography with electrochemical detection. 13 Plasma renin activity was measured as the conversion of angiotensinogen to Ang I using radioimmunoassay (GammaCoat, Diasorin). The lower detection limit is 0.2 ng/mL/h, with an average 8% intra-assay and 7% interassay variability. This assay has 100% cross-reactivity for Ang I, with <0.3% cross-reactivity for other Ang II and Ang III. Plasma aldosterone was measured by chemiluminescent immunoassay (Liasion, Diasorin). The lower detection limit is 3.0 ng/dL, with ≈8% intra-and interassay variability. For renin activity and aldosterone levels below detection limits, a value of one-half the detection limit was assigned for statistical analysis.
Overnight Medication Trials
We studied the effects of a single dose of the MR antagonist eplerenone (50 mg, oral; Greenstone LLC) versus placebo on overnight blood pressure in a randomized, double-blind, crossover study. The Vanderbilt Investigational Pharmacy provided all medications. Before the study, possible treatment sequences were determined using computer-generated random numbers, with consecutive patients randomly assigned to a treatment sequence. Patients and investigators were blinded to the treatment assignment. We used the recommended starting dose of eplerenone for treatment of essential hypertension. 14 Mean peak plasma concentrations of eplerenone are reached ≈1.5 hours after oral administration, with a half-life of 4 to 6 hours. Thus, at least one washout day was allowed between treatments to avoid carryover effects. Medications were administered to patients at 8:00 pm with 50 mL tap water. Patients were instructed to remain supine throughout the night, and fluid intake was restricted. Supine blood pressure was measured twice in a row at 2-hour intervals from 8:00 pm to 8:00 am using an automated sphygmomanometer (Dinamap). Urine was collected during the 12-hour period following drug administration to measure sodium, potassium, and creatinine levels. Nocturnal sodium and potassium excretion were defined as the ratio of urinary sodium or potassium to creatinine to correct for incomplete bladder emptying in these patients. Changes in body weight from 8:00 pm to 8:00 am were used as another measure of nocturnal volume loss. To assess morning orthostatic tolerance, patients were asked to stand at 8:00 am for 10 minutes or as long as tolerated, with blood pressure measured at 1, 3, 5, and 10 minutes of standing.
Statistical Analysis
For the primary end point, we compared the decrease in supine SBP produced by eplerenone versus placebo during the 12-hour overnight period. To evaluate for these changes in blood pressure, we used a 2-way ANOVA to test effects of treatment, time, and their interaction. To summarize the overnight blood pressure changes, we also compared the peak change in SBP (at 8 hours after administration) after placebo versus eplerenone using paired Wilcoxon signed-rank nonparametric tests. As secondary end points, we examined for differences in nocturnal natriuresis and morning orthostatic tolerance between treatments. For morning orthostatic tolerance, an area under the curve for the 4 standing measurements was calculated by the trapezoidal rule (AUC SBP =mean SBP×time), with comparisons made only for patients who could stand after both treatments. Urine volume, body weight, urinary sodium excretion, urinary potassium excretion, the sodium:potassium ratio, and the area under the curve for morning SBP were compared between treatments using Wilcoxon signed-rank tests. Data are presented as mean±SEM. A 2-tailed P value <0.05 was defined as statistically significant. Analyses were performed with SPSS (Version 22.0, IBM).
Sample Size Calculations
Power calculations were based on preliminary data obtained in 4 patients. A study investigator not involved in the statistical analysis provided data to the first author (A.C. Arnold) for sample size calculations in a blinded manner (Treatment A versus B). These data showed an SBP difference of 22 mm Hg between treatments at 8 hours after administration, with a 19 mm Hg standard deviation of difference. Assuming similar effect size and variance, we estimated that 10 patients would have 90% power to detect a difference in SBP between treatments. These calculations used an alpha level of 0.05 and paired t test analysis (PS Dupont, Version 3.0.34). 15 
Results

Patient Clinical Characteristics
The clinical characteristics of autonomic failure patients are shown in Table 1 . A history of hypertension was present before diagnosis in 3 patients (30%), with the remaining patients exhibiting supine hypertension after the onset of autonomic failure. All patients exhibited a significant decrease in SBP on standing (orthostatic hypotension), with an inadequate compensatory increase in HR, consistent with loss of baroreflex buffering (Tables 1 and 2 ). Plasma renin activity was undetectable in 9 patients (90%) in the supine position and in 6 patients (60%) in the upright position. Plasma aldosterone levels were within a normal range in supine and upright positions. All patients exhibited severe impairment of autonomic reflexes (Table 2 ). Respiratory sinus arrhythmia was reduced, suggesting parasympathetic dysfunction. Evidence of sympathetic dysfunction included blunted pressor responses to isometric handgrip and cold pressor tests and an exaggerated decrease in SBP during Phase II and absence of blood pressure overshoot during Phase IV of the Valsalva maneuver.
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Blood Pressure-Lowering Effects of Eplerenone
All patients completed both treatment arms, with no difference in baseline SBP between placebo and eplerenone study nights (177±7 and 172±7 mm Hg, respectively; P=0.266). The main effect of eplerenone to decrease SBP was significant (P=0.048 for drug effect, P=0.001 for time effect, and P=0.042 for interaction; 2-way ANOVA; Figure 1A ). Eplerenone maximally decreased SBP by 32±6 mm Hg at 8 hours after administration (versus 8±10 mm Hg placebo; P=0.016; Figure 1B) Figure 1C ).
Effects of Eplerenone on Nocturnal Natriuresis and Morning Orthostatic Tolerance
Eplerenone did not alter overnight body weight (placebo: −1.19±0.15 kg; and eplerenone: −1.18±0.15 kg; P=0.766) or 12-hour urinary volume (Figure 2A ; P=0.492). We were able to measure urinary sodium, potassium, and creatinine levels in 7 of these patients. There were no differences in urinary sodium excretion ( Figure 2B ; P=0.938) or potassium excretion (0.033±0.003 placebo versus 0.031±0.003 mmol/ mg eplerenone; P=0.688) between treatments, despite blood Data are presented as mean±SEM. HR indicates heart rate; SBP, systolic blood pressure; and ΔSBP, change in systolic blood pressure compared with baseline.
*Normal values are for reference only and were obtained from healthy agematched volunteers obtained from the Vanderbilt Autonomic Dysfunction Center database.
†A negative value indicates that the blood pressure overshoot was absent. 
Discussion
The main finding of this study is that acute administration of eplerenone lowered overnight blood pressure in autonomic failure patients with supine hypertension. This blood pressurelowering effect occurred independent of changes in nocturnal natriuresis or kaliuresis, perhaps suggesting independence from traditional genomic renal volume effects. Importantly, eplerenone did not worsen morning orthostatic tolerance. Taken together, these findings suggest that inappropriate MR activation contributes to the hypertension of autonomic failure and provide new rationale for use of MR antagonists in the management of these patients. An important caveat of this study is that the depressor effects of eplerenone could be because of multiple mechanisms, including blockade of aldosterone, cortisol, Ang II, or hormone-independent ligands. Eplerenone increases plasma renin activity and aldosterone in hypertensive patients and animal models, suggesting blockade of renin-angiotensin system actions. 16, 17 Glucocorticoids can also activate the MR with high affinity, particularly in tissues with low coexpression of the 11β-hydroxysteroid dehydrogenase type 2 enzyme (which inactivates cortisol). 18 Plasma aldosterone and cortisol are normal in autonomic failure 5, 7, 19 ; however, even if the normal circadian rhythm is preserved in autonomic failure, with a nadir at night, these patients could still have increased sensitivity to these hormones. Plasma Ang II levels are also elevated in autonomic failure, 7 which could independently activate MR to increase blood pressure. Unfortunately, specific pharmacological probes (such as aldosterone synthase inhibitors) are not currently available for clinical research to dissect the precise ligand activating the MR. Although cortisol synthesis can be blocked with metyrapone, this drug increases ACTH and 11-deoxycortisol, which can also activate the MR.
We chose eplerenone because it is a highly selective competitive MR antagonist, with reduced side effects compared with spironolactone and a more rapid time course to reach peak plasma concentrations. 16 Spironolactone could also lower blood pressure in autonomic failure, but this was not tested. In mild to moderate essential hypertension, chronic eplerenone (50 mg) reduced seated SBP by 4 to 12 mm Hg depending on frequency of daily dosing, without effects on HR. 17 The magnified hypotensive effect of acute eplerenone in autonomic failure is likely because of lack of baroreflex buffering. The hemodynamic mechanisms in autonomic failure are unclear, but eplerenone decreases cardiac output and systemic vascular resistance with minor effects on HR in animal models. Interestingly, eplerenone did not significantly reduce diastolic blood pressure in autonomic failure. Chronic eplerenone reduced seated diastolic blood pressure in essential hypertension, 17 but had no effect in hypertensive hemodialysis patients. 20 Eplerenone is superior to losartan in lowering blood pressure in low renin essential hypertension. 21 A similar magnitude of depressor responses is observed, however, with eplerenone and losartan in autonomic failure (>30 mm Hg). 7 Classical activation of the MR results in translocation of the ligand-receptor complex to the nucleus where it binds hormone response elements in the promoter region of target genes to stimulate transcription. 22 More recently, activation of cell surface or cytosolic MR has been shown to elicit nongenomic rapid effects of aldosterone, including vasoconstriction and sympathetic activation. 9 In addition, Ang II can activate vascular MR, through direct binding or indirectly through AT 1 receptor transactivation, to induce vasoconstriction, arterial stiffness, and oxidative stress. 10, 23 The lack of effect on renal measures (eg, volume, natriuresis, kaliuresis, sodium:potassium ratio) combined with the rapid time course for blood pressure-lowering effects of eplerenone in autonomic failure may suggest that noncanonical mechanisms are involved.
A stepwise approach is recommended for treatment of hypertension in autonomic failure, starting with nonpharmacological methods, such as head-up tilt, and only initiating pharmacological treatment when needed. Several medications acutely lower overnight blood pressure in autonomic failure (eg, nitroglycerin, sildenafil, clonidine, nebivolol, losartan). 7, [24] [25] [26] Of these, only clonidine and losartan reduced nocturnal sodium excretion, and none improved morning orthostatic tolerance. In essential hypertension, chronic eplerenone increases natriuresis and diuresis in essential hypertension by blocking renal MR. 27 The lack of decreased sodium excretion in the face of a blood pressure reduction with eplerenone may indicate a compensatory natriuretic effect. We do not know the mechanism underlying this compensation, but our data supports the interpretation that the blood pressure effect of eplerenone in autonomic failure is not medicated by canonical MR blockade at the renal tubule. Finally, eplerenone did not improve morning orthostatic tolerance, but we would not have expected it to, given that nocturnal volume loss was not lessened. On the other hand, there was no evidence of a residual hypotensive effect the morning after administration, as supine blood pressure recovered at this time point.
There are some limitations to this study. First, a relatively small number of patients were included in this study. Autonomic failure is a rare disease, and our sample size is similar to other clinical studies for supine hypertension in these patients.
7,24-26 Second, we did not determine precise mechanisms involved in the blood pressure-lowering effects of eplerenone in autonomic failure, and this is an active area of investigation in our laboratory. Third, this study may have been underpowered to detect differences in urinary measures. Unfortunately, we were not able to obtain samples from all patients because of urinary incontinence. We estimate based on the present data, however, that 567 patients would be required to have 80% power to detect significant differences in natriuresis, which suggest that if differences were present, they are likely not clinically relevant. Fourth, we examined the effect of acute eplerenone. Further studies are needed to determine optimal dosing and to assess safety and efficacy of chronic administration in autonomic failure, with caution exercised in patients with renal impairment. Because the magnitude of eplerenone response varied in this study, treatment plans also need to be individualized.
Perspectives
MR antagonists effectively lower blood pressure in essential hypertension, particularly in low renin and drug-resistant forms of the disease. 28 This study highlights the utility in studying patients with autonomic failure, in whom the lack of baroreflex buffering helps unmask effects that would be difficult to study in essential hypertension. In particular, the autonomic mechanisms involved, and the contribution of genomic versus nongenomic mechanisms to beneficial effects of these therapies, have been difficult to assess. Autonomic failure provides a unique human model to examine these mechanistic aspects of MR antagonism. It is important to note that the supine hypertension is driven by different pathophysiologic mechanisms in these patients: by residual sympathetic tone in central autonomic failure and by increased vascular resistance in peripheral autonomic failure. 29 Although underpowered in this study, comparisons of depressor responses to eplerenone in central versus peripheral autonomic failure patients may provide new insight into sympathetic effects of MR antagonism. Our findings also suggest that volume-independent mechanisms are involved in blood pressur-lowering effects of eplerenone in autonomic failure. These findings may have particular relevance for understanding other low renin forms of hypertension. Autonomic failure is a devastating disease with few effective therapeutic options. MR antagonists may represent a previously unexplored treatment strategy for hypertension in autonomic failure.
